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We have found that an amorphous phase with a wide supercooled liquid region reaching 85 K
before crystallization is formed in Fe–~Co, Ni!–~Zr, Nb, Ta!–B, Fe–Co–~Zr, Nb!–~Mo, W!–B and
Co–Fe–Zr–B systems. The high stability of the supercooled liquid enabled the production of bulk
amorphous alloys with diameters up to 5 mm by copper mold casting. These amorphous Fe–~Co,
Ni!–M–B alloys exhibit good soft magnetic properties, i.e., saturation magnetization of 0.95 to 1.1
T, low coercivity of 1 to 8 A/m, Curie temperature of 560 to 590 K and low magnetostriction of
8 – 1431026. The effective permeability of the Co–based alloys exceeds 25 000 at 1 kHz and keeps
high values above 5000 at the high frequency of 1 MHz. The permeability at 1 MHz is much higher
than those for any kinds of soft magnetic materials. The frequency at which the imaginary part of
permeability shows a maximum is also about 1 MHz. The success of synthesis of new Fe- and
Co-based amorphous alloys with good soft magnetic properties and high glass-forming ability is















































It is well known that Fe- and Co-based amorphous allo
exhibit good soft magnetic properties. The soft magne
properties have been characterized as the achieveme
high saturation magnetization for Fe-based alloys and h
permeability (me) and zero magnetostriction for Co-bas
alloys.1 However, these soft magnetic amorphous alloys h
usually been prepared in a thin sheet from with a thickn
below 50mm and in a wire form with a diameter below 12
mm.2 The small maximum thickness resulting from the lo
glass-forming ability has prevented the further extension
application fields as magnetic materials. Consequently, g
effort has been devoted to search new ferromagnetic am
phous alloys with higher glass-forming ability for the la
two decades. Recently, Inoueet al. have succeeded in find
ing a number of amorphous alloys with high glass-formi
ability in Ln–Al–TM,3 Mg–Ln–TM,4 Zr–Al–TM5 and
Pd–Cu–Ni–P6 ~Ln5lanthanide metal, TM5transition metal!
systems and in preparing bulk amorphous alloys with ma
mum diameters up to about 72 mm by copper mold castin6
Although these bulk amorphous alloys have been limited
the nonferrous alloys without ferromagnetism, the findin
of the above-described bulk amorphous alloys have ena
the derivation of the three empirical rules for achievemen
large glass-forming ability.7–10 That is, ~1! multicomponent
alloys systems consisting of more than three elements,~2!
significant difference in atomic size ratios above 12% amo
the main constituent elements, and~3! negative heats of mix-
ing among their elements. Based on the three empirical ru
we have subsequently searched ferromagnetic Fe- and
based amorphous alloys with large glass-forming abi6320021-8979/98/83(11)/6326/3/$15.00



















leading to the production of bulk amorphous alloys. As
result, we have found that multicomponent Fe–~Co, Ni!–~Zr,
Nb, Ta!–B, Fe–Co–~Zr, Nb!–~Mo, W!–B and Co–Fe–~Zr,
Nb!–B amorphous alloys exhibit a wide supercooled liqu
region reaching 80 K before crystallization11–13 and can be
produced in a cylindrical form with diameters up to abou
mm by copper mold casting.14 This is believed to be the firs
evidence on the preparation of ferromagnetic Fe- and
based bulk amorphous alloys. This paper aims to presen
composition range in which amorphous alloys in Fe–~Co,
Ni!–M–B ~M5Zr, Hf, Nb, Mo, W! systems, are formed
either by copper mold casting or by melt spinning and
examine the compositional dependence of the thermal sta
ity and magnetic properties of the Fe- and Co-based am
phous alloys.
Multicomponent alloys with composition
Fe56Co7Ni7Zr10B20, Fe56Co7Ni7Zr8Nb2B20,
Fe60Co8Zr10Mo5W2B15, and Co56Fe16Zr8B20 were prepared
by arc melting a mixture of pure metals and pure B crysta
an argon atmosphere. These compositions were chosen
cause of the appearance of a supercooled liquid region o
to 85 K. From these prealloyed ingots, cylindrical samp
with a constant length of about 50 mm and different dia
eters in the range of 0.5 to 6 mm were prepared by inject
casting of the molten alloy into copper molds with cylindr
cal cavities. For comparison, amorphous ribbons with a cr
section of 130.02 mm2 were produced by melt spinning
The amorphicity was examined by x-ray diffractometry a
ptical microscopy~OM!. The OM sample was etched for 1
s at 293 K in a solution of 0.5% hydrofluoric acid and 99.56 © 1998 American Institute of Physics



































6327J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 Inoue et al.distilled water. The specific heat associated with glass tr
sition, supercooled liquid region and crystallization w
measured at a heating rate of 0.67 K/s with a differen
scanning calorimeter~DSC!. Saturation magnetization (I s)
and coercivity (Hc) under a field of 800 kA/m were mea
sured at room temperature with a vibrating sample magn
meter~VSM!. Hysteresis B–H loop under a magnetic field
1.6 kA/m was also measured for the melt-spun ribbons w
a B–H loop tracer. Permeability (me) was evaluated in a
frequency range of 1 to 104 kHz with an impedance ana
lyzer. Saturated magnetostriction (ls) was measured under
field of 240 kA/m by a three-terminal capacitance meth
Curie temperature (Tc) was determined by extrapolating th
I –T curve in the constant coupling approximation mann
Electrical resistivity measurement was made by the fo
probe method at room temperature.
FIG. 1. Outer morphology and surface appearance of c
Fe60Co8Zr10Mo5W2B15 alloy cylinders with diameters 3 and 5 mm.
FIG. 2. DSC curves of the cast amorphous Fe56Co7Ni7Zr8Nb2B20,







Figure 1 shows the outer morphology of the bu
Fe60Co8Zr10Mo5W2B15 cylinders with diameters of 3 and
mm. These samples have smooth surface and metallic lu
No contrast of a crystalline phase is seen over the outer
face. The x-ray diffraction patterns showed a main halo p
with a wave vectorKr(54p sinu/l) around 29.6 nm
21 and
no crystalline peak is observed even for the 5 mmf sample.
The optical micrographs of the cross section of the t
samples also revealed a featureless contrast in an etched
using a hydrogen fluoride acid. These results indicate that
bulk cylinders are composed of an amorphous phase in
diameter range up to 5 mm. It is to be noticed that the ma
mum thickness (tmax) is about 3 times larger than the large
value~2 mm for Fe72Al5Ga2P10C6B4Si1,! for Fe-based amor-
phous alloys reported up to date. Figure 2 shows the D
curves of the bulk amorphous Fe56Co7Ni7Zr8Nb2B20 and
Fe60Co8Zr10Mo5W2B15 cylinders of 1 to 3 mm in diamete
and Co56Fe16Zr8B20 of 1 mm in width. These amorphou
alloys exhibit the sequential transition of glass transition,
percooled liquid and crystallization. The supercooled liqu
region, DTx , defined by the difference between the gla
transition temperature (Tg) and the onset temperature o
crystallization (Tx) is as large as 39 to 85 K and the crysta
lization from the supercooled liquid occurs through a distin
st
FIG. 3. Frequency dependence of real (m8) and imaginary (m9) parts of
permeability for amorphous Co56Fe16Zr8B20 alloys of 1 mm in width sub-
jected to annealing for 600 s at 750 and 800 K.
TABLE I. Maximum sample thickness (tmax) and thermal stability~Tg ,
DTx, and Tg /Tm! of the Fe56Co7Ni7Zr10B20, Fe56Co7Ni7Zr8Nb2B20,
Fe60Co8Zr10Mo5W2B15, and Co56Fe16Zr8B20 amorphous alloys.
Alloy
Maximum
sample thickness Thermal stability
tmax(mm) Tg(K) DTx(K) Tg /Tm
Fe56Co7Ni7Zr10B20 2 814 73 0.60
Fe56Co7Ni7Zr8Nb2B20 2 828 85 -
Fe56Co7Zr10Mo5W2B15 6 898 64 0.63
Co56Fe16Zr8B20 - 839 39 - license or copyright; see http://jap.aip.org/jap/copyright.jsp
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I s(T) Hc(A/m) me(1 kHz) me(1 MHz) ls(10
26) Tc(K)
Fe56Co7Ni7Zr10B20 0.96 2.0 19 100 - 10 594
Fe56Co7Ni7Zr8Nb2B20 0.75 1.1 25 000 - 13 531









































exothermic reaction. The crystallites were identified to co
sist of a-Fe, Fe2Zr, Fe8B, MoB, and W2B phases for the
Fe60Co8Zr10Mo5W2B15 sample heated to the temperature ju
above the exothermic peak. Thus, the crystallization is du
the simultaneous precipitation of the five crystalline phas
This crystallization mode is in agreement with that8 for other
bulk amorphous alloys. The largestDTx is 85 K for
Fe56Co7Ni7Zr8Nb2B20, being larger than the largest value
~57 to 67 K! for Fe–~Al, Ga!–~P, C, B, Si!14,15 and nonfer-
rous Pd- and Pt-based amorphous alloys.16,17
Table I summarizes thetmax, Tg , DTx andTg /Tm of the
Fe–~Co, Ni!–M–B amorphous alloys. We also evaluated t
reduced glass transition temperature (Tg /Tm). The Tm was
1420 K for Fe56Co7Ni7Zr10B20 and 1416 K for
Fe60Co8Zr10Mo5W2B15 and theTg /Tm was evaluated to be
0.60 for the former alloy and 0.63 for the latter alloy. Co
sidering thatTg /Tm is 0.54 for Fe80P12B4Si4
18 and 0.57 for
Fe73Al5Ga2P11C4B4Si1,
18 the presentTg /Tm values are be-
lieved to be the highest among all Fe-based amorphous
loys.
Figure 3 shows the real and imaginary parts of perm
ability ~m8 andm9!, respectively, as a function of frequenc
( f ) for the Co56Fe16Zr8B20 amorphous ribbon of 1 mm
width. Them8 of the Co56Fe16Zr8B20 ribbon keeps high val-
ues of 17 100 to 5500 in the high frequency range up t
MHz and decreases with a further increase in frequency to
MHz. It is to be noticed that the frequency at which t
maximumm9 is obtained for the ribbon is as high as abou
MHz. The m9( f ) data indicate that the Co–Fe–Zr–B allo
can keep highm8 values up to 1 MHz of the maximum9
point. The m8 value is much higher than those for th
Fe–Si–B amorphous ribbon with the same width of 1 m
over the whole frequency range. Furthermore, them8 values
of the Co56Fe16Zr8B20 alloy is higher than those for th
Co–Fe–Ni–Mo–Si–B amorphous alloy with zerols in the
high frequency range above 10 kHz. The electrical resistiv
(rRT) of the Co56Fe16Zr8B20 alloy is 1.70m V m, which is
higher as compared with 1.34m V m for Co70.3Fe4.7B10Si15,
1.37 m V m for Fe78B13Si9 ~METGLAS 2605S-2! and
1.42 m V m for the Co–Fe–Ni–Si–B METGLAS 2714A
alloy.19 Consequently, the excellent high-frequency perm
ability for the present alloys is probably due to the decre
in eddy current loss resulting from the higherrRT . It is con-
cluded that the present Co-based amorphous alloys h
good soft magnetic properties and high stability of sup
cooled liquid against crystallization.
Table II summarizes thetmax, I s , Hc , me at 1 kHz and
ls for the new amorphous Fe–~Co, Ni!–M–B alloys. These














annealed~800 K, 300s! state, i.e., highI s of 0.74 to 0.96 T,
low Hc of 1.1 to 3.2 A/m, highme of 12 000 to 25 000 and
low ls of 10310
26 to 1431026. TheHc andme are supe-
rior to those for conventional Fe–Si–B amorphous ribbon25
presumably because of the lowerls .
Finally, the reason for the largeDTx and tmax for the
Fe-based amorphous alloys is discussed in the framewor
the three empirical rules for the achievement of high gla
forming ability. The base composition is the Fe–Zr–B sy
tem which satisfies the three empirical rules. The addition
Nb, Ta, Mo, and W is effective for the increase in the deg
of the satisfaction of the empirical rules. That is, the addit
of these elements causes the more sequential change i
atomic size in the order of Zr@Nb.W.Mo.Fe.Co.B as
well as the generation of new atomic pairs with various ne
tive heats of mixing. In the supercooled liquid in which th
three empirical rules are satisfied at a high level, the to
logical and chemical short-range orderings are enhan
leading to the formation of a highly dense random pack
structure with low atomic diffusivity. The largestDTx is 85
K for Fe56Co7Ni7Zr8Nb2B20 and 35 K for Co56Fe16Zr8B20
and thetmax reaches 5 mm for Fe60Co8Zr10Mo5W2B15. Fur-
thermore, these bulk amorphous alloys exhibit good s
magnetic properties. These novel characteristics allow u
expect that the new Fe- and Co-based bulk amorphous a
are used as engineering materials.
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